We report a method of fabrication of free standing and ultra-thin carbon nanotube-parylene-C interpenetrating networks. The network is highly transparent, highly flexible, and more conductive than transparent nanotube/polymer composites. Scanning electron microscope imaging reveals that the interpenetrated networks are dense and pinhole free compared to bare nanotube networks. We found that parylene-C coats along carbon nanotubes and links them together, increasing both the mechanical robustness of the film, and the electrical stability under UV radiation. This method is universal for fabricating interpenetrating networks of other nanoscale materials such as nanowires and nanofibers.
(Some figures in this article are in colour only in the electronic version) Single-walled carbon nanotube (SWCNT) networks are a nanoporous structure, consisting of ∼50% void volume. These air gaps can be considered to be reservoirs to be filled with another material, in order to provide additional functionality. Carbon nanotubes can be the electrical transport backbone in such an interpenetrated network. Various materials have been studied to fill these gaps, such as an insulating polymer coating on top of nanotube networks to increase the adhesion of the network to the substrate, or a conducting polymer to smooth the surface morphology of nanotube networks for organic light emitting diode applications [1, 2] . Compared with a nanotube-polymer composite in which a polymernanotube solution is deposited to form the composite, an interpenetrated network formed by filling an existing nanotube thin film with another material would have higher electrical conductivity due to the smaller charge transfer barrier, as the tube-tube contacts would already be formed when the composite is infiltrated with the secondary polymer. On the other hand, transparent and conductive nanotube networks have been extensively studied and applied in various device 1 Author to whom any correspondence should be addressed. structures, as a replacement for indium-tin-oxide (ITO) [3] [4] [5] [6] [7] . Such networks are normally formed on substrate supports and the mechanical integrity is poor due to the weak nanotubenanotube van der Waals interactions. Although transparent and conductive nanotube networks have proven to have outstanding flexibility, the poor binding between the tubes needs to be improved by incorporating another network. Parylene-C is an inert, hydrophobic and optically clear biocompatible polymer coating material used in a wide variety of industries [8] . Because it is deposited by vapor deposition, it provides a conformal coating on virtually any substrate which is not achievable by other means. Pinhole free conformal parylene-C coating protects coated substrates from moisture, chemicals, and electric charge. While it is typically used to coat circuit boards or immobilize particles, it can also be removed from the original surface and used as a microstamp allowing MEMS patterns to be transferred reproducibly to polymers with various properties. There is a recent report about the encapsulation of nanotube network with a thin layer of parylene-C for achieving better mechanical properties [9] . Here we report a method of fabricating free standing and interpenetrated transparent and conductive nanotube-parylene- C networks. This method can be applied in general to any thin film of nanomaterial.
We used commercially available purified arc discharged SWCNTs from Carbon Solutions, Inc. Powders of carbon nanotubes were dissolved in water with 1% sodium dodecyl sulfate (SDS) surfactant. Then the solution was bath-sonicated for 1 h and centrifuged at 16 000 RPM for 30 min. Alumina filters (Whatman, Inc) were used in vacuum filtration. After the filtration, the films were rinsed by deionized water to remove SDS surfactant until no bubbles were seen. SWCNT network density was controlled by the concentration (1 mg l −1 ) and volume of solution used. 5 μm of parylene-C was deposited in the UCLA Nanofabrication Lab. Pellets of parylene-C are vaporized in a furnace at 690
• C and deposited on the samples in a bell chamber at 135
• C and 25 mTorr. Figure 1 (a) shows an SEM image of a rare nanotube network with transmittance of 90% at 550 nm wavelength. The pores of the alumina filter are visible through the nanotube network. Figure 1 (b) shows a film with transmittance of 85% and the continuous SWCNT network blocks the visibility of the filter pores. SWCNT networks generated by the filtration method have good uniformity. The choice of an alumina filter over other filter types is due to the low interaction energy between SWCNTs and the porous alumina surface, which enables the film to be easily peeled from the filter surface. In general, SWCNTs have higher interaction with polymers than with inorganic substrates. There are several methods for transferring SWCNTs from filters to another substrate for device integration. These include PDMS based stamping, quasi-Langmuir-Blodgett or using adhesive tape [10, 11] . These methods all lead to films on a support and cannot generate free standing films. Although the thickness of 80% transparent SWCNT networks is in the range of 20-30 nm from a previous study, we chose to deposit 5 μm of parylene-C so that the resulting film would be thick enough to peel. Figure 1(c) shows the peeling process of the SWCNT-parylene-C interpenetrated network from the alumina filter, and figure 1(d) shows the resulting ultra-thin and free standing SWCNT-parylene-C interpenetrated network. The transmittance of the SWCNT networks used was measured using our previous PDMS stamping method to be 90% and 85% respectively. The transmittance of the interpenetrated network was measured using a UV-vis spectrometer to also be 90% and 85% respectively, indicating that the parylene-C deposition did not significantly alter the SWCNT transmission. Both the SWCNT and the parylene-C have similar refractive indexes, so no reflection change was found after parylene-C deposition. The sheet resistance was measured before and after the parylene-C deposition. The parylene-C coating side had a high sheet resistance, around 10 k /sq due to the 5 μm of parylene-C covering the conductive SWCNTs. The sheet resistance measured from the side closest to the alumina filter had only increased by 20% due to the parylene-C deposition, from 150 to 180 /sq at 85% and 300 to 370 /sq at 90%. The 20% increase of the resistance after parylene-C deposition is mainly due to the oxygen desorption from the high vacuum during the parylene-C deposition process.
The morphology of both sides of the SWCNT-parylene-C network was examined after peeling off from the alumina filter. For SEM imaging, no conductive gold coating was used. Figure 2(a) shows the SWCNTs were embedded in the 5 μm parylene-C, with the occasional nanotube sticking out from the surface. These protruding nanotubes cause the surface conduction after even 5 μm of insulating parylene-C coating. Parylene-C has extreme good conformal coating on the SWCNT surface which maintains the surface morphology of SWCNT networks. The occasional protruding tubes are due to the large bundles in the nanotube dispersion and the poor interaction between nanotubes and alumina filters. In general, we found that nanotube networks on polymer substrates have fewer protruding tubes than networks on alumina substrates. The strong interaction between nanotube and polymer substrates helps the nanotubes lie down on the surface. Figure 2(b) shows an SEM image of the alumina filter side of a SWCNT-parylene-C network. The parylene-C is well known as a pinhole free coating due to the small molecule size. The parylene-C penetrates all the way through the 20 nm nanotube thin film, coats along the nanotubes and makes the nanotubes look 'fatter' than those observed in figure 1(b) . From figure 2(c), we can tell that the nanotubes were linked or woven together by parylene-C, while maintaining high electrical conductivity between the tubes. Evidently the introduction of parylene-C does not cause any significant charge transfer barriers between nanotubes.
Transparent and conductive films based on SWCNTs have been widely studied and applied in various optoelectronic devices. SWCNT membranes made by methods such as filtration have relatively low density entanglement and the mechanical integrity is largely achieved by the van der Waals force between SWCNTs.
Therefore, transparent and conductive SWCNT-polymer composites normally have superior mechanical properties.
However, due to the existence of insulating polymer between the SWCNTs, the electrical conductivity is extremely low. Using conductive polymers instead of insulating polymers would raise the electrical conductivity of the composite, but the unsolved problems for conductive polymers such as thermal instability will pose a problem for the transparent composite. The SWCNT-parylene-C interpenetrated network provides enough mechanical integrity, while maintaining the high electrical conductivity of a SWCNT network. Figure 3(a) shows the performance comparison between SWCNT-parylene-C interpenetrated network fabricated in this study, and a transparent SWCNT-polymer composite. The calculated conductivity from the sheet resistance and transmittance is 1900 S cm −1 for a SWCNT-parylene-C network [11] . The data for the composite are generated using the formula in [11] and a dc conductivity of 1 S cm −1 [12] . The three orders of magnitude difference in conductivity between a SWCNT-parylene-C interpenetrated network and a SWCNTpolymer composite is mainly due to the charge transfer barrier difference from the existence of the polymer, as shown in figure 3(b) . We can use the well known metal-insulator-metal (MIM) model to estimate the magnitude of the barrier [13, 14] , In the simplified MIM model, I is proportional to e −βd , where d is the tunneling distance and β is approximately 0.1 nm −1 . Based on the volume fraction of nanotube and polymer, we estimated the polymer/nanotube barrier in a composite with conductivity of 1 S cm −1 is approximately 7-10 nm. Given the nanotube diameter of approximately 1 nm, the volume fraction can be estimated as 10%. SWCNT-polymer composites show percolative behavior, with a conductivity that depends on the SWCNT volume fraction. The conductivity of nanotube/polymer composites increase as the volume fraction increases, saturating when the volume fraction is ∼5%. Therefore, the assumption of a 1 S cm −1 conductivity for generating the R/T curve applies [12] .
We investigate the UV stability and the mechanical properties of SWCNT-parylene-C interpenetrated networks. A SWCNT network on an alumina filter and a free standing SWCNT-parylene-C interpenetrated network was exposed in a simulated AM1.5G condition for 300 h. The sheet resistance of bare SWCNT network on filter increases dramatically with time, as shown in figure 4(a) . The interpenetrated network shows much slower increases with time. For nanotubes, there are metallic ones and semiconducting ones. As shown in figure 4(b) , the conformal parylene-C coating on top of CNTs could serve as a barrier to trap oxygen molecules on the tube surface. We also note that the change of resistance for network on filter is not reversible by monitoring the resistance after cooling and sitting the network in air for long period of time. The non-reversible change of resistance indicates the permanent damages on SWCNTs. It has been studied that exposure of SWCNTs to UV energy could damage the bonds in nanotubes and cause defects for charge transport. The resistance increase for SWCNT-parylene-C network is also not reversible. It is known that parylene-C would degrade in UV exposure [15] . Penetrated UV energy after parylene-C coating could still damage the nanotubes at a slower rate. Nevertheless, the relative stability of the interpenetrated network improves dramatically compared with a SWCNT film on filter. Figures 4(c) and (d) shows the mechanically folded and bent free standing interpenetrated network. The sheet resistance was measured after 100 times of 180
• folding and less than 30% increase was observed. The free standing film also shows extreme flexibility, which allows it to be laminated onto any substrate with silicon adhesive and can be used for electronic device fabrication.
In conclusion, we report a method to generate free standing, interpenetrated SWCNT-parylene-C network. Such network is much more conductive than transparent SWCNTpolymer composite and with better mechanical integrity than bare SWCNT network. This method can be applied to any other nanoscale material network, with the use of filtration followed by coating another layer of material on top and physical separation from filters. Such films could be used in many ways, such as be laminated to other substrate to provide functional coating. For example, transparent and conductive free standing films can be laminated on top of OLED devices to be used as the transparent electrode and avoid the complications of solvent based fabrication steps.
